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ABSTRACT: In the minimal supersymmetric standard model, the existence of R- 
parity is not required for the internal consistency of the theory and might therefore 
be regarded as ad hoc. I catalog some simple conditions which are sufficient to 
guarantee that R-parity survives as an unbroken gauged discrete subgroup of the 
continuous gauge symmetry in certain extensions of the minimal supersymmetric 
standard model. If these criteria are met, R-parity is automatic. [Based on a 
talk given at the International Workshop on Supersymmetry and Unification of 
Fundamental Interactions (SUSY93) at Northeastern University, Boston, March 
29-April 1 1993.] 



Low energy N = 1 supersymmetry has been proposed as a cure for the fine-tuning 
problem associated with the Higgs scalar boson[l]. However, in the minimal supersym- 
metric extension of the standard model, proton decay might be expected to proceed at an 
unacceptable rate due to the virtual exchange of the superpartners of the standard model 
states [2]. To see this, we can write all of the renormalizable and gauge-invariant terms 
which might occur in the superpotential: 

w = Wq + W 1 + W 2 

Wq = /jHH + y u QHu + y d QHd + y e LHe 
W\ = \\udd 

W 2 = n'LH + X 2 QLd + A 3 LLe . 
[Here Q and L are chiral superfields for the ,S77(2) L -doublet quarks and leptons; u, d, e 
are chiral superfields for the S'C/(2) L -singlet quarks and leptons, and H, H are the two 
S'L r (2) i -doublet Higgs chiral superfields. Family and gauge indices are suppressed. It is 
possible to eliminate fi' by a suitable rotation among the superfields H and L; but we 
choose not to do this because in most extensions of the minimal supersymmetric standard 
model H and L will not have the same quantum numbers.] The terms in Wq are just the 
supersymmetric versions of the usual standard model Yukawa couplings and Higgs mass, 
and they conserve baryon number (B) and lepton number (L). However, W\ violates B 
by one unit and W 2 violates L by one unit. To prevent the proton from decaying in short 
order, either (Ai) or (//, A2, A3) must be very small. (For precise constraints, see refs. [1-3] 
and others listed in [4].) 

The simplest and most popular way to save the proton and avoid other phenomenologi- 
cal disasters is to just banish all of the terms occuring in W\ and W 2 by means of a discrete 
Z 2 symmetry known as R-parity[2]. All of the standard model states are taken to be even 
under R-parity and their superpartners are taken to be odd. All interactions are required 
to have even R-parity. This means that particles with odd R-parity are always produced 
in pairs, and that the lightest particle with odd R-parity must be stable. At the level of 
the chiral superfields, this may be implemented by assigning R p = — 1 to Q, L, -u, <i, e and 
Rp = +1 to H, H. (This R p is trivially related to R-parity by a factor of —1 for fermions 
and is usually called matter parity.) Then the terms in W\ and W 2 are forbidden because 
they are i? p -odd, while the terms in Wq are li^-even and allowed. The R p symmetry also 
forbids some B and L-violating operators of dimension five and higher. 

At the level of the minimal supersymmetric standard model, the assumption of R- 
parity appears ad hoc, in the sense that nothing goes wrong with the internal consistency 
of the theory if R p is not imposed. In contrast, R p is actually automatic in certain ex- 
tensions of the minimal supersymmetric standard model which have gauged B — L (e.g. 
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some supersymmetric grand unified theories), and moreover can survive the spontaneous 
breakdown of the continuous gauge invariance to the standard model gauge group. This 
will occur if certain surprisingly mild conditions are met by the order parameters of the 
theory. This seems to have been underemphasized in the literature. I will catalog some 
of the simple criteria which are sufficient to guarantee that R p is an unbroken discrete 
gauge symmetry for various choices of the gauge group, by classifying the possible gauge 
transformation properties of the order parameters of the theory as "safe" or "unsafe" for 
Rp. For our purposes, it is most convenient to note that for each chiral superfield, 



This strongly suggests that we obtain gauged Rp as the discrete remnant of a gauged 
U(1) B -l- In fact, with the U(1) B -l assignments Q ~ 1/3; L ~ —1; u,d ~ —1/3; e ~ 1; 
and H, H ~ 0, it is clear that unbroken U(1) B _ L forbids each of the terms in W\ and W<i- 
To guarantee that R p remains unbroken even after U(1) B -l is broken, it is necessary and 
sufficient to require that all Higgs vacuum expectation values (or other order parameters) 
carry 3(B — L) charges which are even integers[3]. Following the general arguments of 
Krauss and Wilczek[5], U(1) B - L then breaks down to a gauged subgroup which, in 
view of Eq. (1), is nothing other than Rp. Unlike a global symmetry, such a gauged 
discrete symmetry cannot be violated by Planck-scale effects[5]. 

A natural setting for gauged U{1) B -l is in the Pati-Salam unification of color and lepton 
number: SU{A) PS D SU(3) c xU(l) B _ L . Under the gauge group SU(4) PS xSU (2) L xU{l) R , 
the standard model quark and lepton superfields transform as Q, L ~ (4, 2, 0) and <i, e ~ 
(4, 1, 1/2) and u, v ~ (4, 1, —1/2). [Here v is the superfield for a neutrino which transforms 
as a singlet under the standard model gauge group.] With unbroken SU(4) PS , the couplings 
Ai, A2, and A3 clearly vanish by gauge invariance, since the SU(4) PS direct products 
4x4x4 and 4x4x4 contain no singlets. (All group theory conventions and facts used 
here may be found in [6].) Also, gauge invariance of the allowed Yukawa couplings in Wq 
requires that H transforms as a linear combination of (1,2,-1/2) and the color singlet 
part of (15, 2, —1/2), and that H transforms as a linear combination of (1, 2, 1/2) and the 
color singlet part of (15,2,1/2). It then follows that \j! vanishes as well. So unbroken 
SU(4) PS prohibits the same terms in W\ and W2 that R p does. This is hardly a surprise, 
since R p is a discrete subgroup of U(l) B _ L which is contained in SU(4) PS . 

Of course, SU(4) PS and U(1) B _ L must be broken if we are to obtain the standard 
model gauge group. To avoid breaking R p in the process, it is necessary and sufficient that 
all of the order parameters have even SU(4) PS quadrality, since 




(1) 



SU (4) P g quadrality = 3(B — L) 



[mod 4] . 



(2) 
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The Higgs superfields H and H have zero SU(4) PS quadrality and thus do not break R p 
when they acquire vacuum expectation values. Since any other order parameters must 
also be color singlets, they may transform under SU(4) PS as 1,10,15,35... and their 
conjugates, which I refer to as "safe" reps. The order parameters should not transform 
in "unsafe" reps 4, 20", 36, 56 . . . if we want to ensure that R p survives. In particular, 
the 5£/(2) L -singlet order parameters may transform in the "safe" reps (1, 1,0); (10, 1, 1); 
(15, 1, 0); (35, 1, 2) ... of SU(4) PS x SU(2) L x U(1) R and their conjugates, but not in the 
"unsafe" reps (4, 1, 1/2); (20", 1,-3/2); ... and their conjugates. As long as we arrange 
for the theory to only have order parameters in "safe" reps, then R p is automatic and 
cannot be be broken. 

Actually, 3(B — L) is always an integer multiple of 6 for safe order parameters in 
SU(4) PS , since they must also be color singlets. Thus the surviving discrete subgroup of 
U(1) B -l is a Zq; however, a Z% subgroup of this is just the discrete center of SU (3) c , which 
is already taken into account. So the remaining Z^ — Rp is what really counts. Also note 
that if all order parameters in the theory had zero SU(4) PS quadrality, then because of 
Eq. (2) we would be left with a Z4 which contains R p as a subgroup and eliminates certain 
operators of dimension > 5 which are allowed by R p . However, such a situation is very 
unlikely, since obtaining a realistic neutrino mass spectrum via the seesaw mechanism[7] 
requires a Majorana mass term for u, which in turn requires an order parameter with 
quadrality 2. 

The grand unified theory based on SO (10) contains B — L as a subgroup, and so we 
may expect to obtain a nice criterion for this case also. The standard model quark and 
lepton superfields all transform as components of the 16-dimensional spinor rep of 5*0(10): 
Q, L,d,e,u,v ~ 16. Now the absence of the couplings Ai, A2, and A3 follows in the 
language of unbroken 50(10) from the group theory fact 16 x 16 x 16 7) 1. Furthermore, 
since 16 x 16 = 10 s + 120^ + 126 s , it must be that H and H are each linear combinations 
of appropriate components of 10, 126, and 120 (which couples families antisymmetrically) 
in order to allow the Yukawa couplings in Wq. Then from 16 x 10 7) 1, 16 x 120 7$ 1, 
and 16 x T26 75 1 it follows that fi' = also for unbroken 5O(10). 

What happens after 5O(10) is broken? Whether or not R p survives just depends on 
how the order parameters transform under 5O(10). The relevant property of the 5O(10) 
reps is the "congruency class" which is defined mod 4. In fact, 

5O(10) congruency class = 3(B — L) [mod 2], (3) 

so that "safe" reps for order parameters in 5O(10) are those with congruency class or 
2. The safe reps are 10, 45, 54, 120, 126, 210, 210', 320 ... and their conjugates. The 
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unsafe reps are 16, 144, 560 . . . and their conjugates. As long as only order parameters 
corresponding to even SO (10) congruency classes are used to break SO (10), the resulting 
low energy gauge group will inevitably include unbroken R p . The prospect of removing the 
unsafe reps for Higgs vacuum expectation values from the model builder's palette seems 
unlamentable, since SO (10) can be broken down to SU(3) C x SU(2) L x U(1) Y x R p with 
realistic Yukawa couplings and then to SU(3) C x U(1) E m x Rp in a very wide variety of 
ways using only safe order parameters. Order parameters in unsafe reps are incapable of 
giving any masses to the standard model states (or v) anyway. Note that the safe reps of 
SU(4) PS are precisely the ones which are embedded in safe reps of SO (10), since SU(4:)ps 
quadrality = SO (10) congruency class [mod 2]. 

(While chiral superfields in large reps may ruin the asymptotic freedom of the unified 
gauge coupling, this need not concern us. The order parameters associated with the large 
reps may find their place only in a phenomenological description, and may not actually 
correspond to vacuum expectation values for fundamental fields. Also, a Landau singularity 
in the unified gauge coupling is presumeably irrelevant if it occurs at a distance scale shorter 
than the Planck length.) 

Note that gauged U(1) B _ L does not occur in a pure SU(5) grand unified theory. With 
the standard SU(5) assignments L, d ~ 5 and Q,u,e ~ 10, it is clear that unbroken 
SU(5) does allow Ai, A2 and A3, by looking at the standard model content of the SU(5) 
fact 5 x 5 x 10 D 1. Furthermore, H may consist of some 5 and some 45 and H of 
some 5 and some 45; so y! is also certainly allowed. There is no reason for any of these 
couplings to vanish in pure SU(5), in sharp contrast to our other examples. R-parity is 
never automatic in supersymmetric pure SU(5) models. 

The case of supersymmetric "flipped" SU(5)[8] is quite different from pure SU(5) 
since it contains gauged U(1) B _ L . Under the gauge group SU(5) x U(l)t, the standard 
model fermions transform as Q,d,v ~ (10, 1); L,u ~ (5, —3); and e ~ (1, 5). Naturally, 
W\ and W2 are absent as long as SU(5) x U(l)j is unbroken, which can be seen as a 
consequence of the U(1) B _ L subgroup. When SU(5) x U(l)f breaks, R p survives if the 
order parameters transform as components of "safe" reps of SU(5) x U(l)f. Since U(l)f 
charge = 3(B— L) mod 2, the safe reps are just those which have even integer U(l) f charges 
in our normalization. These include (5, —2) and (5,2); the unsafe reps include (5,3) and 
(10, 1) and their conjugates. One of the selling points of flipped SU(5) is supposed to be 
that the spontaneous symmetry breaking can be accomplished using only Higgs fields in 
reps no larger than the (10, 1). However, this cannot be accomplished if one insists on 
using only Higgs fields which are safe for R p . If unbroken R p exists in such models, it must 
come from an additional structure (e.g. superstring theory). 
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The grand unified theory E(6) also contains U(1) B -l as a subgroup. However, reps of 
E(6) cannot be classified as safe or unsafe for R p , because each irreducible rep contains 
components with both even and odd values of 3(B — L). Since R p is an abelian discrete 
subgroup, it suffices to classify superfields and possible order parameters in E(6) accord- 
ing to their transformation properties under the subgroup SU(3) C x SU(2) L x U(1) Y x 
U(1)b-l x U(1) a . (It does not concern us whether this subgroup is actually the unbroken 
gauge group at any particular stage of symmetry breaking.) The 27 of E(6) transforms 
under this subgroup as (3, 2, 1/6, 1/3, 0) + (1, 2, -1/2, -1, -1) + (3, 1, -2/3, -1/3, 0) + 
(3, 1, 1/3, -1/3, -1) + (1, 1, 1, 1, 0) + (1, 1, 0, 1, 1) + (1, 2, 1/2, 0, 0) + (1, 2, -1/2, 0, 1) + 
(1, 1, 0, 0, -1) + (3, 1, 1/3, 2/3, 1) + (3, 1, -1/3, -2/3, 0). This defines U(1) A , which may 
be thought of as the extra U(l) which lives in E(Q) but not SO(10). (A slightly clumsier 
choice for this U(l) was made in [9].) The first five terms may be identified with Q, L, 
u, d, and e respectively. It then follows that H and H transform as (1,2,-1/2,0,1) 
and (1,2,1/2,0,0). With these assignments, the Yukawa terms in Wq all transform 
as (1,1,0,0,0) and the terms udd, QLd and LLe in W\ and W<i each transform as 
(1, 1, 0, —1, —2). The term LH in W<i transforms as (1, 1, 0, —1, —1). Note that an order pa- 
rameter (1, 1, 0, 0, —1) is necessary so that the non-standard-model particles (3, 1, 1/3, 2/3, 1) 
and (3, 1, —1/3, —2/3,0) can get mass, and to allow HH in Wq. We now classify as safe 
or unsafe the possible AI = and AI =1/2 order parameters which occur in the smallest 
few reps of E(6), namely the 27, 78, 351, and 351'. (Safe and unsafe reps in 27, 351 and 
351' can be found by conjugating the ones below.) 

The AI = order parameters for E(6) which are safe for automatic R p are: (1, 1, 0, 0, 0), 
which occurs three times in the 78 of E(6); (1, 1, 0, 0, 2), which occurs once in the 351'; 
(1, 1, 0, 0, —1), which occurs once in the 27, twice in the 351, and once in the 351'; and 
(1, 1, 0, —2, 0), which occurs once in the 351'. The unsafe AI = order parameters are: 
(1,1,0,-1,-2) and (1,1,0,1,2), which each occur once in the 78; (1,1,0,1,1), which 
occurs once in the 27, twice in the 351, and once in the 351'; and (1, 1, 0, —1, 0), which 
occurs once in the 351 and the 351'. 

Safe AI = 1/2 order parameters for E(6) transform as (1, 2, —1/2, 0, 1) and (1, 2, 1/2, 0, 0), 
which each occur once in the 27, three times in the 351 and twice in the 351'. The unsafe 
AI = 1/2 reps include (1, 2, 1/2, 1, 0) and (1, 2, —1/2, —1, 0) which each occur once in the 
78; (1, 2, —1/2, —1, —1) which occurs once in the 27, three times in the 351, and twice in 
the 351'; (1, 2, 1/2, 1, 2), (1, 2, 1/2, -1, -2) and (1, 2, -3/2, -1, 0) which each occur once 
in the 351 and in the 351'. 

Now, using safe AI = order parameters listed above for 27, 351 and 351', E(6) can 
be broken down to SU(3) C x SU(2) L x U(1) Y x R p and the states other than Q, L, u, d, e in 
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the 27 are all eligible to obtain large masses. Also, safe order parameters for (1, 2, 1/2, 0, 0) 
and (1,2,-1/2,0,1) provide for standard model masses. So, the statement for E(6) is 
that the safe reps for order parameters correspond to those which are necessary anyway to 
break E(6) to the standard model with the correct mass spectrum. Order parameters in 
the unsafe reps are not needed for anything from this point of view, although demanding 
their absence would eliminate some otherwise attractive symmetry breaking patterns. 

Dimension-five operators which violate B and L can also contribute to proton decay. 
The only such operators consistent with supersymmetry and the standard model gauge 
group which are not already forbidden by R p are [uude]p, [QQQL]p and [LLHH]p. The 
first two of these terms are also allowed by any gauge invariance contained in SO (10), in 
view of the standard model content of the group theory fact 16 x 16 x 16 x 16 D 1 + 1. 
However, all three terms (and HH in Wq) are prohibited by unbroken E(6) because of 27 x 
27 x 27 x 27 ~A 1, etc.; this is a simple consequence of E(6) triality, since Q, L, u, d, e, H, H 
all must have triality 1. Or, it may be viewed as a consequence of U(1) A and U(1) B -l 
conservation. The order parameter (1, 1, 0, 0, 2) breaks U(1) A to a Z<± without allowing the 
aforementioned terms. An order parameter (1, 1,0,0, 1), which is presumeably necessary 
as noted earlier, will break this Z2, thus allowing [uude]p, [QQQL]p and [HH]p. The 
order parameter (1, 1, 0, —2, 0) breaks U(1) B _ L to R p and allows [LLHH]p. The fact that 
these terms are forbidden by an unbroken E(6) gauge group [or any subgroup of E(6) 
containing U(1) A and U{1) b ~l\ provides a means of suppressing them in the low energy 
theory, although the extent to which this is true is model-dependent. 

If an i?p-unsafe order parameter does occur in a model with gauged U(1) B -l, then Rp 
is spontaneously broken. This is not necessarily a disaster if the mass scales of the unsafe 
order parameters are sufficiently small compared to the unification scale. One popular 
example which has been explored in the literature[10] involves spontaneous R p breaking 
due to an expectation value for the scalar partner of a neutrino which transforms in the 
unsafe rep (1, 1, 0, 1, 1) C 27 of SU(3) C x SU(2) L x U{1) Y x U(1) B - L x U(1) A C E(6), or the 
unsafe rep 16 of SO (10). There are, of course, other possible examples (of problematical 
phenomenological viability) for spontaneously broken R p if other unsafe reps listed above 
obtain vacuum expectation values. The dominant contributions to B and L-violating 
terms in the low energy effective superpotential come from tree graphs with unsafe order 
parameters on external legs. Note that explicit R-parity breaking is really a contradiction 
in terms for any model with gauged U(1) B -l, because of Eq. (1); it must be either exact 
or spontaneously broken. 

In superstring-inspired models based on remnants of E(6) : the existence of R p depends 
on e.g. the properties of the six-dimensional compactified manifold. There are a bewildering 
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plethora of possibilities for the vacuum, some of which respect R p or other generalized 
matter parities, and some of which do not. I only wish to note that it is generally not 
possible to break the U(1) B _ L subgroup to R p in these models after compactification, 
because the necessary safe order parameter resides in the 351' (or larger) rep of E(6), and 
not in the 27, 27, or singlet reps which are available for chiral superfields in the perturbative 
field theory limit of superstring theory. In such models it is not possible to understand 
in detail "why" unbroken Rp should exist without understanding the compactification 
mechanism. 

Here I have considered instead criteria which can be understood using only effective 
N = 1 supersymmetric field theories. These criteria are reassuringly not too restrictive, 
and are especially crisp in the languages of U(1) B -l, SU(4) ps and SO (10). The case 
of E(6) is a little more involved, as outlined above. The situation for models based on 
arbitrary subgroups of E(6) can be easily inferred from these results. One might interpret 
the natural appearance of automatic R-parity in these cases as circumstantial evidence 
against supersymmetric models which do not possess a gauged B — L subgroup [such as 
the minimal supersymmetric standard model and supersymmetric pure SU(5)}. It has 
been pointed out that besides R-parity there are other possible discrete symmetries [3, 11] 
which allow some terms from either W\ or W% as well as different combinations of higher 
dimension operators violating B and L. However, from the point of view adopted here, 
those rival discrete symmetries are disfavored because it turns out that they cannot be 
realized as an automatic consequence of the gauge invariance found in E(0) or any of its 
subgroups. Hopefully R-parity appears less ad hoc in the light of the facts presented here. 

I thank Pierre Ramond for helpful comments. This work was supported in part by 
the National Science Foundation Grants PHY-90-01439 and PHY-917809 and by the De- 
partment of Energy contract DE-FG05-86-ER40272 and by the Institute for Fundamental 
Theory at the University of Florida. 
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